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A B S T R A C T   
The Land Use Suitability (LUS) concept informs decision-making by stakeholders with information about the 
economic and environmental consequences of land use choices. LUS is composed of three indicators describing 
the inherent productive and economichttps://mail.niwa.co.nz/owa/- _msocom_1 potential of land parcels 
(productive potential), the contribution of a land parcel to lose contaminants relative to other land parcels 
(relative contribution), and the load of contaminants lost compared to the load that ensures that environmental 
objectives are met (pressure). This paper outlines an improved indicator of productive potential (PP). We outline 
the four layers of information that comprise PP for a land parcel: (1) Feasibility, which defines whether the 
productivity and quality of a crop is enough to allow the land use to be undertaken; (2) Yield, which is the 
amount of a product or crop that can be grown; (3) Economic returns, given the yield and other requirements for 
the land parcel; and (4) Economic Importance, which combines information about the economic returns and the 
probability of a land use being undertaken. These layers can be combined into a single PP indicator of the value 
of the land for economic use. The PP indicator can be expressed continuously or categorically and mapped at a 
national scale. When combined with the Relative Contribution and Pressure indicators in the LUS system, it 
allows for identification of areas which are most suitable for intensification by providing for a direct comparison 
of the economic and environmental outcomes.   
1. Introduction 
To meet the food and fibre demands and economic desires of a 
growing and more prosperous population, primary production is 
intensifying. However, intensification can degrade land and water 
quality, reducing ecosystem function, biodiversity, and resilience to 
factors like climate change (Foley et al., 2011; Meyfroidt, 2018). De-
cisions about the trade-offs of intensification and environmental quality 
have economic, environmental, social, and cultural impacts that go 
beyond the farm gate (Goldstein et al., 2012; Liebig et al., 2017; Renting 
et al., 2009). To help inform land use decisions around intensification 
and environmental impact across scales, McDowell et al. (2018) devel-
oped the Land Use Suitability (LUS) concept. One application of the LUS 
concept assesses the potential of boosting productivity while achieving a 
water quality objective; informing questions such as will productivity 
and water quality objectives be met with the current land use and if not 
then how should land use and land use practices change? LUS contains 
three indicators: 1) productive potential (PP), describing the inherent 
productive and economic potential of land parcels; 2) relative contri-
bution, describing the potential for a land parcel to contribute con-
taminants downstream relative to other land parcels; and 3) pressure, 
describing the contaminant load delivered to a receiving environment 
compared to the load that ensures that water quality objectives are met. 
The three indicators can be expressed continuously or categorically, 
mapped across scales, and used to support strategic land assessments 
and plan land development and investment. 
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Of the three LUS indicators, the PP indicator is the least developed. 
Internationally, the closest analogue of PP is the decades-old concept of 
land evaluation sometimes also known as land use suitability. There are 
many examples of assessments that have built on the USDA (Klingebiel 
and Montgomery, 1961) and Food and Agriculture Organization (Food 
and Agriculture Organization, 1976) classification frameworks for land 
suitability (Van Diepen et al., 1991). The principles behind these 
frameworks include assessing the capability of the physical environ-
ment, such as climate, relief, soils, hydrology, and vegetation, to support 
a given land use. More recent versions have included assessments of 
adaptation to climate change of single crops (Gasser et al., 2016), or 
focused on using mathematical approaches that combine quantitative 
and qualitative data in assessments of suitability of specific crops (El 
Baroudy, 2016; Lara Estrada et al., 2017; Seyedmohammadi et al., 
2019). Seldom have they considered incorporation of socio-economic 
goals. Of the few examples that do exist (Dunnett et al., 2018), many 
of the measures of socio-economic goals cannot be transferred to other 
jurisdictions. Reasons include different policy instruments such as sub-
sidies that may reward one aspect like production, but inadvertently 
cause poor water quality or a loss of biodiversity (MacLeod and Moller, 
2006; OECD, 2017), or legal structures that focus on short-term gain, 
neglecting indigenous land rights and ownership who may make 
different decisions based on gains over centuries (Kingi, 2013). 
If LUS is to be used to inform questions associated with land use and 
water quality, it must be used by multiple stakeholders across national 
or regional scales, catchments, and on-farm. Confidence to recommend 
or implement change, some of which may mean moving operations 
between regions, requires the underpinning data and regional policy 
information to be consistent and as accurate as possible. A common 
approach is to use freely available data that are applicable to land 
management units within farms across regions, if not countries (Bock 
et al., 2018; Coriolos, 2016; Mazahreh et al., 2019). In New Zealand, a 
national land evaluation framework was developed in 1952 and has 
been refined since then to define biophysical constraints that may limit 
sustained productivity within farm management units (Lynn et al., 2009; 
Mueller et al., 2010). This framework, called land use capability (LUC) 
focuses on production constraints like soil properties (e.g., depth, water 
holding capacity, erodibility) and climatic conditions (e.g., rainfall, 
growing degree days) to classify the versatility of land on a scale from 1 
to 8. Class 1 land may be highly suitable for many land uses, whereas 
higher numbered classes are limited to a few land uses. 
To inform LUS and the debate around land use and water quality, the 
PP indicator must not only incorporate likely yields of different crops (e. 
g., arable, pastoral, forestry, fruit), it must also, as mentioned above, 
include an assessment of the socio-economic context in which the land 
use is to occur. However, a key limitation to using LUC classes as a PP 
indicator is that as the LUC classes were designed to reflect the high- 
level constraints to production and, therefore land use versatility. 
Thus, it does not directly address the economic productive potential of 
different land use options, and therefore is not ideal for the purposes of 
the LUS. For example, the Gimblett Gravels in the Hawke’s Bay Region 
of New Zealand have a LUC class of 7, considered to be highly con-
strained for many crops, but are some of the most prized soils in New 
Zealand for viticulture (Bloomer, 2011). 
This paper outlines the testing and development of the PP indicator. 
For the purposes of this paper, we define land use as an enterprise or 
groups of enterprises that reflect different biophysical, social, and eco-
nomic conditions on land. Specifically, we aim to use readily-available 
data and models that operate from farm to national scales to assess 
land parcels and enterprises to: 1) define the conditions and constraints 
of representative crop typologies using biophysical and management 
data; 2) estimate the feasibility of land parcels to produce product of 
sufficient quality to meet market demands; 3) spatially define the yield, 
economic value and importance of land uses according to different 
scenarios and 4) incorporate these factors into a single PP indicator. For 
brevity we present our aims in the context of a simplified national case 
study that will derive a PP indicator based on six major land uses in New 
Zealand. Although we focus on a PP indicator of the land for economic 
purposes, it is acknowledged that there are a range of other values 
supported by land, including socio-economic (e.g., employment) and 
non-economic (e.g., biodiversity) that could be included in the LUS 
approach that are not addressed by the PP indicator. These other values 
will be addressed in more detail in future iterations of the approach. 
2. Method 
2.1. Overview 
The calculation of the PP indicator uses four layers of information: 
feasibility, yield, economic returns, and economic importance. There is 
one set of layers for each land use included in the analysis, and each 
layer uses inputs from the preceding layer. To inform decisions, users 
can extract information relevant to them from each layer or they can use 
the integrated PP indicator. The six land uses in the analysis are sheep 
and beef, forestry, dairy, arable (systems where broadacre cropping is 
the main component of the farm system), horticulture (including flat-
land viticulture), and viticulture on land that is not suitable for other 
horticulture (termed “Other Viticulture”). We envisage future iterations 
further subdividing these land uses, particularly arable and horticulture 
which cover a large range of potential crops. For arable we used wheat in 
the South Island and maize in the North Island, and for horticulture we 
used the most prevalent land use (vegetable, pipfruit and viticulture) in 
an area as representative crops. 
The layers are all generated under the same scenario as defined by 
their biophysical, input, and socioeconomic context. Examples of sce-
narios might include the current state, a maximum output derived from 
high fertiliser inputs, a climate change projection, or a projection where 
infrastructure and labour bottlenecks for certain land uses were 
removed. For each scenario we define the:  
• Biophysical context – factors such as temperature, altitude, aspect, 
dry periods, frosts, hail, soil depth and type. These are included as 
variables so that changes in the PP indicator can be assessed under 
different scenarios of climate change.  
• Input context - what variable inputs will be utilised by each land 
use, such as fertiliser, irrigation, frost protection etc. The input 
context is included so that different management responses or miti-
gations to biophysical constraints, environmental impacts of a land 
use and climate change can be explored in the wider context of the 
LUS assessment system.  
• Socioeconomic context – wider non-biophysical factors that affect 
the land use, such as labour availability, infrastructure present in a 
location, market demand, input costs, etc. The inclusion of the so-
cioeconomic context allows for the exploration of different market 
conditions, but also of policy responses to the need for development 
in some locations – for example, skills training or development of 
infrastructure. 
The layers use the same pixel size of 200 m by 200 m to represent 
land parcels. A schematic of the PP indicator calculation is shown in 
Fig. 1, with the definition and approach for each layer discussed below. 
2.2. Feasibility layer 
The feasibility of a land use is determined by whether the produc-
tivity and quality of a crop is enough to allow the land use to be un-
dertaken on a parcel of land. Feasibility is determined by biophysical 
constraints, and by any inputs that are defined in the scenario to alle-
viate those constraints. For example, nutrient levels can be altered by 
fertilisers, some soil properties can be overcome by artificial drainage, 
frosts can be mitigated by frost protection, hail can be overcome by 
covering crops, irrigation can compensate for rainfall deficits etc. 
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Factors such as soil salinity and alkalinity which can be significant 
limitations internationally (e.g., Russ et al., 2020) are not normally 
considered limiting constraints in the New Zealand context. The likeli-
hood of a biophysical constraint occurring on a land parcel can be 
determined by using rule-based, process or statistical models or by other 
methods like multi criteria decision analysis (MCDA) (e.g. Renwick 
et al., 2019). The likelihood of a land use is represented as a Feasibility 
layer in which a binary TRUE/FALSE variable is used to define for each 
land parcel whether the land use is realistic from a biophysical 
perspective. 
In this, the first development of the PP indicator, feasibility relies on 
a set of simple definitions as applied in our New Zealand case study. 
Sheep and beef was assumed to be feasible everywhere currently used 
for agriculture, forestry was assumed as suitable everywhere not pro-
hibited by the National Environmental Standard for Plantation Forestry 
(New Zealand Government, 2017), dairy land was a subset of sheep and 
beef land with slope less than 15◦, for arable crops a specific set of rules 
was developed separately for the North Island (NI) where maize was 
assumed to be the dominant crop, and the South Island (SI) where more 
traditional wheat based mixed cropping was assumed to occur. The rules 
for both wheat and maize were based on growing degree days (>1100 
SI, >1200 NI), soil depth (>30 cm), soil drainage (imperfect or better), 
slope (<15◦), and additionally for maize, soil temperature at sowing 
(>10 ◦C) and spring and autumn frost (less than 2 years in 5). For 
horticulture LUC classes 1–2 were used, and for other viticulture we all 
current viticulture land and land with similar slope and soil 
characteristics outside LUC classes 1–2 were assumed to be feasible. 
Climate constraints were included by the applying different crop types 
to represent the arable and horticulture land uses. 
2.3. Yield layer 
2.3.1. Pasture yields for pastoral land uses 
Dairy and sheep/beef typologies were created from combining 
spatial datasets of temperature, rainfall, slope, and soil attributes with 
real farm management information as outlined in Monaghan et al. 
(2021). Briefly, dairy typologies were based on 431 nutrient budget files 
sourced from DairyBase records for the 2015/16 production season 
(DairyNZ, 2017). These nutrient budgets were prepared using the 
Overseer® Nutrient Budgeting software version 6.3.1 (AgResearch, 
2016). Based on expert opinion and previous sensitivity analyses of 
Overseer components (McDowell et al., 2015) the typologies contained a 
hierarchy of biophysical attributes that were likely to influence pro-
ductivity, namely temperature, wetness, drainage, and slope. Soil 
fertility management (e.g., pH, Olsen extractable phosphorus, potas-
sium) was set to optimal levels for each typology according to (Roberts 
and Morton, 2009). However, for dairy pastures a fixed level of annual 
nitrogen fertiliser (200 kg N ha− 1) was used, and no added nitrogen was 
used for sheep and beef pastures. 
After accounting for interactions there were potentially 96 dairy 
farm typologies (2 × 4 x 3 × 4). Because some combinations covered 
little land area, we restricted our analysis to the 20 combinations that 
covered the greatest area. The top 20 typologies represented 76% of the 
land used for dairy farming in New Zealand. 
Sheep/beef typologies were based on farm classes used in the Beef 
and Lamb New Zealand (BLNZ) Economic Service Sheep and Beef Farm 
Survey (Beef and Lamb New Zealand, 2018). This national survey 
questions about 500 sheep and beef farmers annually and has been 
doing so since the 1950s. The survey has eight farm classes and six 
production regions to represent a total of 17 primary sheep/beef farming 
combinations (i.e. typologies), each with 5–10 variations accounting for 
different land management units (e.g. tree or forage crop blocks). These 
typologies and their variations represented >90% of land in sheep and 
beef production across New Zealand. Like dairy typologies, soil fertility 
management (e.g., pH, Olsen extractable phosphorus, potassium) in 
sheep and beef typologies was set to optimal levels according to Morton 
and Roberts (2016). 
Irrigable typologies for sheep and beef and dairy were set where 
>50% of the area was deemed irrigable according to Dark et al. (2017). 
Yield information for each typology was generated utilising daily time 
step simulation models via the Agricultural Production Systems Simu-
lator (APSIM) (Holzworth et al., 2018). Additional information on the 
typologies, how APSIM outputs were generated, and the regression 
equation used to interpolate the yield information to non-represented 
areas are provided in the Supplementary Information. 
2.3.2. Yield from arable and horticulture land uses 
Three crop typologies were developed for the South Island based on 
rainfall zones 650 mm, 750 mm, and 850 mm, and one for the North 
Island based on the crop production types typically associated with the 
East Coast. The crop production data for each typology was sourced 
from Bright et al. (2018). In these data, crop production is simulated 
using the FAO water production function described by Doorenbos and 
Kassam (1979) and a proprietary model (Irricalc) (Aqualinc, 2009) 
across three profile available water classes: 35 mm, 60 mm, and 120 
mm. IrriCalc’s crop yield model operates on a daily time step and out-
puts crop yield at the user specified harvest date. Crop yields modelled 
by IrriCalc were tuned to match yields being achieved on irrigated farms 
in the relevant typologies. 
Horticultural yields were based on the same data source (Bright 
et al., 2018). Three vegetable production models were used for each of 
the Canterbury rainfall zones (650 mm, 750 mm, and 850 mm), a single 
Fig. 1. Schematic of productive potential indicator approach.  
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pipfruit (apples) model for the East Coast of the North Island, and viti-
culture models for Marlborough and Inland South Island basins. These 
were extrapolated to similar rainfall classes for the vegetable production 
typology. 
Arable and horticultural typologies were assigned to climate zones 
described in New Zealand Meteorological Service (1983) with some 
refinements (Bright et al., 2018). Additional information relating to the 
defined conditions and constraints for each typology, the climate zones, 
and the assignment of typologies to climate zone are provided in the 
Supplementary Information. 
2.3.3. Yield from forestry land use 
Yield estimates for forestry follow the methodology of Watt et al. 
(2017) predicting volume by log grade using indexes of forestry pro-
duction: Site Index (SI) which expresses the height of dominant and (or) 
co-dominant trees at a given index age; and 300 Index (I300), which is 
the stem volume mean annual increment at age 30 years for a reference 
regime with a final stand density of 300 stems⋅ha− 1. I300. and SI are 
defined as described in Kimberley et al. (2017). The results were 
resampled to 200*200m grid for use in the PP indicator, and at this scale 
the accuracy for production estimates is expected to be ±2 – 
3m3ha− 1year.− 1 
2.4. Economic returns 
Land uses at each location have different economic values attached 
to them, which is a function of the amount of product produced and the 
value of the product in that location. Including a layer of economic 
returns allows a comparison between the ability to grow a low pro-
duction level of high value crops with a higher productivity level of a 
low value crop. All economic data are calculated in New Zealand dollars 
(2018). 
2.4.1. Economic returns for pastoral land uses 
Pastoral operating profit (revenue less working expenses and 
depreciation) were derived from Beef and Lamb NZ survey data (Beef 
and Lamb NZ 2018) and Dairy NZ survey data (DairyNZ, 2019) using 
five year averages from 2013/14–2017/18. These survey data provide 
estimates for 7 sheep and beef farm classes and 8 dairy survey data re-
gions. The economic returns for sheep and beef classes were assigned to 
climatic zonation (New Zealand Meteorological Service, 1983), while 
the dairy farm survey data regions were assigned to local government 
regions most appropriate for the DairyNZ survey region data. The eco-
nomic returns were adjusted linearly to reflect the relationship between 
the estimated sheep and beef and dairy pasture yield for a land parcel 
(section 2.3.1) relative to the mean of the estimated yields from the 
locations in a typology where those land uses currently occur. This es-
timate assumes that the survey data reflects the mean returns from all 
the surveyed land use in a specific area, and that the economic returns 
are directly related to yield as shown in Eq. (1). 
Economic ReturnLU, LP =
YieldLU, LP
Mean YieldCLU, TP
× Economic ReturnSD, TP Eq. 1  
Where: LU = Land Use; CLU = land which is currently in a specific land 
use; LP = Land Parcel; TP = Typology; SD = Survey Data of returns for a 
given land use in a specific typology. 
The capital associated with the land use in each location was esti-
mated from the same survey data sources and subtracted from the 
operating profit using a cost of capital of 2.9% which reflects the average 
national return on equity (excluding capital gains) for dairy farms. 
Additional information on the survey classes and their assignment to 
climate region are shown in the Supplementary Information. 
2.4.2. Economic returns from arable and horticulture land uses 
The arable and horticultural financial estimates used data from 
Bright et al (2018). For arable crops, a financial estimate was generated 
based on the ‘standard arable rotation with > 10% of time in for-
ages/fodder’ used for the arable production in the Matrix of Good 
Management (Plant and Food Research et al., 2015). Revenue was 
driven off the single crop yields calculated in the yield section above. 
Expenditure was set as a fixed cost (on a per hectare basis (Bright et al., 
2018)), therefore changes in yields had no impact on expenditure but 
did impact on revenue. 
Bright et al. (2018) uses vegetable, viticulture and pipfruit economic 
models where revenue and harvesting costs are directly proportional to 
yield, but other expenditure is fixed. Capital costs for arable and horti-
cultural land uses (like pastoral) were deducted at the same 2.9% cost of 
capital used for the pastoral land uses. 
2.4.3. Economic returns from forestry land use 
Forest economic production was calculated as an annualised present 
value of a standard structural regime of Pinus radiata d. don for timber 
production using the Forest Investment Framework (FIF) (Yao et al., 
2016). The calculation of roading and transport costs was modified 
within the framework to operate nationally rather than within 
pre-defined forest areas (polygons). Roading was calculated using 
Euclidean distance (straight-line) from each cell to the nearest line 
segment of New Zealand road centrelines (Land information New Zea-
land, 2018). Transport costs were calculated using a cumulative distance 
from that line segment following the road network to New Zealand ports 
and sawmills (processors). It was assumed large diameter saw logs (S1 
and S2) and pulp were transported to sawmill locations for domestic 
processing, while small diameter saw logs (S3) were transported to ports 
for international export as unprocessed logs. 
The FIF operates spatially on a 25 m pixel resolution subtracting the 
discounted value of forest administration, establishment, management, 
harvesting, internal forest roads and landings, and log transport costs 
from discounted forest revenues from log sales (see Supplementary In-
formation for forestry operating costs). A 4.9% discount rate was used 
over a 28-year forest rotation, with one waste thinning operation. This 
rate has been selected to be consistent with the analysis used on other 
land uses included in the PP indicator and includes an additional 2% 
discount rate penalty because of the financial risk profile of forest in-
vestment. Large saw logs were valued at $140 m− 3, small saw logs at 
$130 m− 3, and pulp logs at $50 m− 3. Alternative forms of revenue such 
as carbon sequestration or other ecosystem services were excluded. 
Costs were assigned by slope class, enabling cost estimates to be 
differentiated across landscape types. 
2.5. Economic importance 
Economic importance is a layer of economic returns that also in-
corporates the socio-economic constraints operating on a land use. 
These are generated using the economic returns from a land use on a 
parcel, multiplied by the probability of the land use occurring on that 
parcel in the scenario of socio-economic conditions used for the analysis. 
For the results generated here we have utilised a scenario that rep-
resents the current context of social, labour, infrastructure and market 
conditions operating at any location (Current scenario). Scenarios can 
also be used to explore other opportunities that may arise from policy or 
market changes. For example, under the Current scenario the avail-
ability of labour and skills may limit the amount of labour-intensive 
horticulture that could be undertaken despite its high returns. Users 
may wish to explore the change in Economic Importance and PP indi-
cator of land parcels in a catchment that benefitted from some policy 
interventions to increase the supply of labour and provided training 
opportunities to overcome skills deficits. Another scenario might 
explore the effect of changes in market and other social-economic con-
ditions due to climate change. The range of scenarios can be refined 
according to user needs. 
Although certain land types may be feasible for a land use, because of 
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various socio-economic constraints a given land use will not occupy all a 
land type. In this study, the socio-economic constraints are represented 
by a probability that a given land use will occur in its feasible area. We 
use the current area of each land use within a New Zealand Territorial 
Local Authority (TLA) to estimate that probability, i.e. it is assumed that 
the current area of a particular land use reflects the capacity of the 
market to absorb the produce, the capacity and capability of the local 
labour force etc. All land parcels that are biophysically feasible for a land 
use have equal probability of that land use. For example, if there is twice 
as much feasible area as current area of a land use, then all the feasible 
land has a probability of 0.5 for occurrence of the land use. 
However, the probabilities for each land use also need to account for 
other alternate feasible land uses. Some land has many feasible land 
uses, but other land is more biophysically constrained in its land use 
options. Where the probability of a high value crop on its feasible area is 
high because of the ratio between its scenario area and its feasible area, 
then the probabilities of occurrence on that feasible land must take into 
account that it cannot occur elsewhere, while alternate land uses may do 
so. To maintain the potential for the scenario land use areas (and the 
socio-economic assumptions of the scenario), a hierarchical set of layers 
of each unique combination of land use feasibilities is defined, where the 
highest level of the hierarchy has the most combinations of possible land 
uses, and the lowest has only one possible land use. In our case study 
there are 7 hierarchical layers (see definitions in Supplementary Infor-
mation). This hierarchical approach allows the calculation to account 
for the occurrence of the higher value crops on the limited area of land 
within a TLA district where these land uses are feasible. The calculation 
of economic importance then involves solving a series of linear algebra 
equations for each land use in turn, that ensure the total area of a land 
use in a TLA matches the scenario area, and all feasible land parcels have 
equal probability of a land use (Fig. 2). For each land parcel the sum of 
the probabilities for each land use must sum to 1, and where a land use is 
not feasible on a land parcel its probability is 0. 
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The economic returns of the land parcels are multiplied by the 
derived probabilities to get the Economic Importance value of each land 
use. 
2.6. Productive potential 
The Productive Potential indicator represents an integration of all 
the feasible land uses on each land parcel. This differs to standard ap-
proaches to Land Suitability which only consider the highest value land 
use (Food and Agriculture Organization, 1976; Mazahreh et al., 2019) 
regardless of whether this is practical from a socio-economic point of 
view, e.g., market demand, labour availability. In our schema, the PP 
indicator is equivalent to the probability weighted average returns for 
that land parcel where the land use options are equally distributed 
across all feasible land after allowing for more spatially constrained, 
higher value land use options. It is calculated by summing the Economic 
Importance layer for all feasible land uses on a land parcel, with the 
proviso that a land use is only included in the PP indicator calculation if 
its economic returns are higher than the probability weighted average 
return of land uses that are lower in the feasibility hierarchy. Concep-
tually this can be represented as ensuring that for increasingly versatile 
soils (i.e. supports more land use options) any additional feasible land 
use with lower economic returns does not decrease the value of PP in-
dicator for that class relative to a less versatile soil. The need for this rule 
arises because the PP indicator calculation is valuing potential returns 
but not versatility, and it prevents the situation where the additional 
land uses that a soil is capable of supporting would otherwise result in a 
lower PP indicator. 
3. Results 
The results for each step in the process are binary for feasibility, and 
a set of continuous indices for the other steps. For Production and 
Economic Importance relative classes were used because units differed 
between land uses in the case of Production, and because the proba-
bilities differ between classes and locations for the Economic Impor-
tance. These relative classes divide the production into five equal area 
classes. The continuous indices have been divided into classes for pre-
sentation purposes, with five classes used for the relative indices (Yield 
and Economic Importance) and ten classes for the absolute indices 
(Economic Returns and PP indicator). 
3.1. Feasibility 
The feasibility maps for each land use are shown in Fig. 3. They show 
a total of 17 million ha for sheep and beef, 15.6 million ha for forestry, 
9.3 million ha for dairy, 7.1 million ha for arable, 0.9 million ha for 
horticulture (including flatland viticulture), and 2.3 million ha for other 
viticulture (Table 1). Current land uses occupy between 3% (other 
viticulture) and 47% (sheep and beef) of their feasible area. 
3.2. Yield 
In Fig. 4 we show Yield as relative production with each of the land 
uses divided into five production classes of equal area. Dairy and sheep 
and beef show pasture production, arable shows wheat yield, other 
viticulture shows grape yield, and horticulture varies spatially between 
yields for vegetable, pipfruit and viticulture in kg of product/ha. The 
yields generally correlate well with known current yields for horticul-
ture, arable, viticulture and forestry, although the regression equation 
for pasture results in overestimation of pasture yields in high rainfall 
areas such as the West Coast of the South Island, indicating that further 
work is required to calibrate this function. 
3.3. Economic returns 
Fig. 5 shows the potential economic returns (operating profit after 
capital/ha) from each land use across their feasible area. The maps 
indicate the relatively higher returns from the horticulture/viticulture 
and dairy land use. 
Fig. 2. An example of the matrix algebra used in this case study to find the land 
use probability of each land parcel in a TLA. In this example there are four 
unique combinations of feasibility that include the land use. ci is the area in the 
TLA in the ith combination layer that is feasible for a land use (accounting for 
any priority higher-value-land uses), QLU is the area in the TLA that is currently 
in the land use, and ai are derived by solving the matrix. The required proba-
bilities are ai/ci. 
S. Harris et al.                                                                                                                                                                                                                                   
Environmental and Sustainability Indicators 11 (2021) 100128
6
Table 2 shows the estimated mean economic returns for each land 
use as estimated in this paper, compared with the mean from national 
industry survey data, adjusted for capital charge. This shows that for 
arable, other viticulture and dairy the mean return across the feasible 
area is less than the mean economic returns from industry survey data, 
while for sheep and beef the inverse is true. This suggests that the former 
land uses are focused on the more productive areas within their potential 
feasible range, while the sheep and beef land use is excluded from the 
better part of its feasible range by higher value land uses. The only na-
tional data on variability of economic returns was obtained from Dairy 
(2020) for 2018/2019. These data (Table 3) indicate that the industry 
survey national range in quartile average returns (standardised for 
capital) is much wider than of the estimated economic returns from this 
analysis. This is likely to be because the estimated data assumes average 
management with a range of biophysical conditions, while the industry 
survey data reflects both the range of management and biophysical 
conditions. 
3.4. Economic importance 
Maps of relative economic importance divided into five classes are 
shown in Fig. 6. These show that those land uses which tend to be more 
prevalent are of higher economic importance than land uses which are of 
low prevalence in an area, even though the returns from low prevalence 
land uses may be high. Dairy is economically very important to the 
Waikato (mid-upper North Island) and Taranaki (west coast of the North 
Island). Horticulture has pockets of land where high returning land uses 
occupy a large proportion of their feasible area, and where the economic 
importance is high. Because horticultural areas are generally small 
relative to other land uses, they do not appear prominently on the 
graphic, but are apparent for other viticulture in the north of the South 
Island (Marlborough) and inland parts of the southern areas of the South 
Island (inland Otago). 
Apart from sheep and beef, the current area for each land use tends to 
be in the Medium to High areas of economic importance for that land use 
(see Supplementary Information). This is partly a reflection of the way 
Economic Importance is calculated in this scenario, which is calculated 
using current area/feasible area as a probability of occurrence. How-
ever, the prevalence of current land use in areas of high Economic 
Importance also reflects the underlying biophysical drivers of that pro-
vide for high productivity and returns to the land use in those locations. 
There may also be some contribution from the co-location of specialist 
land uses for infrastructure or labour force reasons. 
3.5. Productive potential 
The estimates of Productive Potential divided into 10 classes of equal 
area are shown in Fig. 7 below. In our analysis calculation of the PP 
indicator produces a range of values between 0 and 25,380 with a mean 
of 594 and a median of 437 indicating some skewness to the data. The 
Fig. 3. Feasibility by land use. Grey areas are national parks and reserves and other locations with no data.  
Table 1 
Area of feasible area and current area for each land use.  




Proportion of feasible land 
occupied 
Arable 7,096,350 271,975 4% 
Dairy 9,275,125 2,058,425 22% 
Forestry 15,592,750 2,077,250 13% 
Horticulture 938,375 211,325 23% 
Other 
viticulture 
2,321,250 64,000 3% 
Sheep and beef 17,025,875 7,987,550 47%  
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incidence of Class 1 is driven strongly by the prevalence of horticulture, 
which is the highest value land use, particularly in regions such as the 
Bay of Plenty, Hawke’s Bay and Canterbury where horticulture and 
viticulture has high Economic Importance – high value and high prob-
ability of occurrence. Class 3 may include some areas where horticulture 
occurs, but it appears to be dominated by areas which are capable of 
very high production and returns for dairy land use (which is typically 
the next most profitable land use), and have a high prevalence of dairy, 
for example Taranaki and Waikato. Areas such as inland Otago have a 
greater prevalence of lower PP indicator Classes 9 and 10, representing 
the dominant potential of the land for low production dryland sheep and 
beef, but the pockets of very high PP indicator in Otago reflect the land 
with potential for viticulture in the key wine growing areas. 
Current land use for horticulture is mainly located in PP indicator 
Classes 1–4, while dairy is mainly located in PP indicator Classes 3–7 
(Table 4). Forestry and sheep and beef occur mainly in the lower half of 
the PP indicator classifications (5–10). Arable requires highly produc-
tive soils but occurs mainly on PP indicator Classes 5–8. This appears to 
be driven by ~70% of arable land use being in Canterbury. Canterbury 
has some high-quality soils suitable for arable, but its location on the 
east coast of the South Island means it experiences dry summers and 
requires irrigation for full productivity. Because irrigation is in limited 
supply, and because arable is a relatively (to dairy and horticulture) low 
value land use, the assigned value of the high-quality soils, which in-
corporates both its dryland and irrigated productivity, is lower in Can-
terbury than the equivalent soil in the wetter North Island. This 
illustrates a key feature of the PP indicator approach which incorporates 
a wide range of biophysical and socioeconomic factors. 
4. Discussion 
4.1. Validity 
Testing the validity of the PP indicator and its constituent layers is 
not straightforward because they do not necessarily correspond directly 
to conditions that are observable through available data. The PP indi-
cator correlates well with the pattern of current land use. Horticulture, 
which is higher returning and tends to require more specialised condi-
tions, tends to be concentrated on higher PP indicator classes, and the 
remaining land uses occur in a pattern that we would expect given their 
requirements and returns. Only for arable land use, which has become 
concentrated in one region of New Zealand for climatic, market, infra-
structure and expertise reasons, does current land use not correlate with 
the higher PP indicator values that might be expected from its more 
specialised growing requirements. Further consideration that includes 
the utility of the indicator in different contexts will be required before a 
conclusion on its validity can be reached. 
However, some of the other layers were not able to be validated 
beyond simple comparisons. These include: the Feasibility and Produc-
tivity layers because the available data was used to calibrate the model; 
the Economic Returns layer because the indicator covers all feasible land 
while existing economic data tends to be derived from the higher per-
forming parts of the feasible land; and Economic Importance because 
there is no comparable data against which to validate the indicator. The 
analysis did identify areas where the modelling has not performed well, 
and these will be improved through future iterations. 
4.2. Utility 
The process outlined here specifies a method for estimating the PP 
indicator that we believe is appropriate given data constraints, at least in 
Fig. 4. Index of yield (Relative production) estimates by land use. Grey areas are national parks and reserves and other locations with no data. The dryland yield is 
shown for dryland areas and the weighted mean irrigated/dryland for irrigable areas. Class definitions and units are provided in the Supplementary Information. 
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this New Zealand example. It attempts to understand the land parcel’s 
potential for economic contribution independently of activities 
currently undertaken on a parcel of land. It also generates a set of layers 
of information that have utility in addition to the integrated PP indi-
cator. For example, the Yield and Economic Return layers may appeal to 
investors seeking to identify the best place to undertake a specific ac-
tivity, while a combination of Feasibility, Yield, and Economic Return 
layers could be used by a landowner to identify potential activities on 
their property. 
The Economic Importance layer and eventual PP indicator are likely 
to be more suited to strategic and planning purposes than for individual 
landowners. We envisage Economic Importance being used by planners 
to understand where land could be protected for specific land uses, 
particularly when combined with scenarios such as climate change. An 
issue being actively considered by central government in New Zealand 
(Ministry for Primary Industries and Ministry for the Environment, 
2019; Parker, 2018) is the protection of soils suitable for horticulture 
from urban encroachment. Identifying the Economic Importance of land 
for horticulture under future scenarios of climate change and demand 
would greatly assist in identifying where they should be protected. 
In New Zealand it is difficult for planners to direct where specific 
land uses should occur, as the planning regime is permissive rather than 
prescriptive. In this context the PP indicator is likely to be of highest 
utility in identifying where the greatest returns could be achieved by 
allowing for intensification of land use rather than where specific 
intensive land uses could occur. When combined with the Relative 
Contribution and Pressure indicators in the LUS system (McDowell et al., 
2018), it would identify areas which are most suitable for allowing 
intensification by providing for a direct comparison of the economic and 
environmental outcomes (Cox et al., 2013; Duhon et al., 2015). This has 
been attempted using the LUC (Horizons Regional Council, 2007), but 
was based solely on pasture as a potential land use. Furthermore, 
because LUC measures versatility not productivity or impacts, and 
because it is non-metric and categorical, its use is problematic in this 
context. 
The PP indicator approach here extends the categorical approaches 
of land suitability which use a set of rules to define where a land use can 
be undertaken (Klingebiel and Montgomery, 1961). Kidd et al. (2015) 
converted the suitability categories to a gross margin value. A quanti-
tative map of potential gross margin was achieved by doing this for 
twenty crops and taking the median gross margin value. However, this 
Fig. 5. Economic returns by land use (operating profit after capital charge $/ha/annum). Grey areas are national parks and reserves and other locations with no data.  
Table 2 
Comparison of estimated economic return with survey data ($/ha/year).  
Land use Estimated mean from 
Economic Return layer 
($/ha/year) 
Estimated post capital mean from 
industry survey data ($/ha/year) 
Arable 60 349 
Dairy 1274 1561 
Forestry 94  






363 − 29  
Table 3 
Comparison of variability in dairy economic returns ($/ha/year).  
Comparison of estimated 
economic return with survey 
data ($/ha/year)Quartile 
Estimated mean from 
Economic Return 
layer ($/ha/year) 
Estimated post capital 
mean from dairy industry 
survey data ($/ha/year) 
Bottom quartile 887 240 
Lower bottom quartile 1152 1081 
Lower upper quartile 1316 1749 
Upper quartile 1758 2763  
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approach is not continuous because it uses a categorical approach to 
suitability to underpin the classification, does not allow for detailed 
differentiation between parcels, and does not account for any 
socio-economic limits or constraints on land use options. 
4.3. Future modification 
The PP indicator calculation approach is preliminary, and we 
envisage further development of the concept. Next steps are to change 
the scenario assumptions, allowing the impact of changes in climate, 
future market, or policy conditions to be explored. We have consulted 
with landowners, councils, rural lenders and central government, and 
the alternate scenario that most stakeholders have shown an interest in 
is the impact of climate change on the productive potential of a land 
parcel. However, other scenario examples may be relevant such as the 
impact of changes to labour availability or availability of processing 
infrastructure. The alternate scenario(s) would also be applied to the 
other LUS indicators so that production and environmental trade-offs 
can be assessed. 
The quantitative approach to the PP indicator outlined here also 
enables additional metrics to be calculated. For example, the expression 
of PP indicator/Relative Contribution provides an index of the contri-
bution to economic welfare per unit of contaminant delivered at a point 
of interest, with greater PP indicator/Relative Contribution being more 
desirable. Economic-environmental metrics already exist such as $ or kg 
of milk solids produced per kg of nitrogen or phosphorus lost to surface 
water (McDowell, 2014; Monaghan and De Klein, 2014). However, these 
do not consider that losses in different locations have different impacts 
on, for example, waterbodies, nor do they consider the potential for 
alternative land uses on a land parcel and within a catchment. 
The approach and definitions tested here do not represent the value 
of versatility in soils, just of the potential land uses. The PP indicator 
definition must compensate for the fact that additional land uses on 
more versatile soils might have lower value. In New Zealand this arises 
because arable land uses, which are often lower profit than dairy land 
use, requires a more versatile soil than does dairy. We should consider 
the possibility that the ability to undertake more land uses has a value 
that is independent of the value of the currently highest-value land uses. 
This additional value may arise from the potential for alternative options 
if conditions change in the future, or from the portfolio effect of multiple 
land uses providing a diversification that reduces the variability of in-
come streams. Versatility may provide resilience that is valuable for 
society as it deals with an increasingly uncertain future, such as in a 
changing climate (Bock et al., 2018; Dunnett et al., 2018). We need to 
investigate this further to understand and, if necessary, represent its 
value. In contrast, the NZLRI LUC categorisation is defined primarily by 
the versatility of the land and soil, but also provides no indication of the 
value attached to that versatility. 
4.4. Limitations 
The example provided here is a prototype exercise and relies on data 
that is spatially coarse. This is suitable for national to catchment scale 
assessment, but more work would be required to provide the level of 
certainty required to make land uses changes at an enterprise scale. 
Further refinement and improvement of the feasibility classification, 
and the production and economic data, will improve the accuracy of the 
PP indicators and enable their use at finer scales of resolution. In 
particular, the arable, and horticultural land uses are based on a limited 
number of typologies and need further refinement. Broadening the 
factors considered in the calculation of the PP indicator or generating 
new indicators to include measures of social and cultural wellbeing 
along with the other indicators of LUS will further improve the useful-
ness to a range of stakeholders and decision makers. 
Fig. 6. Index of relative Economic importance by land use. Grey area are national parks and reserves and other areas with no data. Class definitions are provided in 
the Supplementary Information. 
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The Economic Returns, Economic Importance and PP indicator 
layers are dependent on information that will change over time as 
market and socio-economic conditions. While we have used longer term 
averages as a way of smoothing year to year variability, these indicators 
will require regular updating to remain relevant. The Feasibility and 
Production layers rely on more stable biophysical factors, but because 
technologies and climate changes over time, these will need to be 
updated over a longer time scale. 
5. Conclusions 
The PP indicator provides a mechanism whereby the economic value 
of land can be represented in a way that is compatible with the other 
indicators in the LUS system, and within the constraints of the study has 
shown some validity. It also allows socio-economic constraints or op-
portunities of different land use options to be included. The approach 
tested here provides for flexibility to meet the needs of several users and 
Fig. 7. Estimation of PP indicator. Grey area are national parks and reserves and other areas with no data.  
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of different contexts. We consider that the PP indicator is likely to be 
most useful as a general indicator of productive potential, but the full 
range of layers represented in the PP approach provides information that 
will be useful for a range of situations and decision contexts. The PP 
approach overall requires expansion beyond the prototype phase in data 
terms, and potentially can be broadened to include social and cultural 
indicators of wellbeing that arise from the productive use of land. 
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